Summary. The theory of magnetism proposed by Walton is usecho produce models of magnetic viscous decay in an assembly of single domain grains of magnetite. These are then compared with data collected from carefully controlled viscosity experiments using 3 mm diameter cores of pottery whose major magnetic mineral is magnetite.
Introduction
There have been several papers published on magnetic viscosity in well defined artificial samples (e.g. Dunlop 1983; Shimizu 1960) , but no attempt has been made to fit experimental results from real samples to a theoretical model which includes the magnetic history of the sample, in time and temperature, and thus provide a rigorous test of the time and temperature dependency of magnetic viscosity. Using the theory proposed by Walton (1980) which extends Neel's theory to include grain size variation within a sample, a simple model can be produced. Such a model can then be solved numerically to give values of the magnetic moment at any point in time and for any number of temperature steps. In a recent publication (Walton 1983 ) a detailed comparison has been made between theory (Walton 1980) ar,d experimental results obtained by Dunlop (1983) .
The successful interpretation of Dunlop's experimental results confirmed the validity of the theoretical model. This in turn had certain implications: in particular the time and temperature required to remove any viscous remnant magnetism (VRM) are predicted to be significantly different from those obtained using earlier theoretical approaches (Pullaiah et al. 1975) .
The purpose of the present paper is to report on an experimental test of this aspect of the theory. A moment has been generated in a demagnetized sample of pottery by holding it in a magnetic field for a time of about 20 hr. The sample was then demagnetized for short periods of time, 15 min, at increasing temperatures, until the moment was removed. Comparison with the theory (Walton 1980 ) reveals that the point at which the moment was almost entirely removed was predicted correctly, but that there were differences between the theory and experiments in the details of the demagnetization process.
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Theory
Magnetic viscosity can be defined as the change of the magnetic vector with time at a particular temperature. Each monodomain grain in a sample will have its own anisotropy energy, K V , which thermal fluctuations, kT, must overcome to rotate the domain toward the ambient field direction. The value of the grain's anisotropy energy and temperature will give rise to its relaxation time T. Thus the magnetic moment, initially Mo, or a sample containing a large number of identical grains will become M , at a time t where
(1) and
where K is the anisotropy constant of a grain of volume V a t a temperature T and c is the rate constant which has a value of -10' s-l (Nee1 1955). For magnetite K is determined by the shape of the grain. Usually the sample contains grains of different sizes and shapes, and the total moment of a sample containing single domain grains may be calculated by multiplying the average fraction of the grains magnetic vector aligned parallel to the field, n( V) by the total number of grains of volume V, N( V), and the value of that grains magnetic moment JV. J is the saturation magnetization at temperature T. Summing over all grains gives the total moment.
I
The fractional alignment is the parameter that will change with time at a constant temperature. It will in fact tend toward an equilibrium value with a decay constant defined by (2). We may therefore write
assuming that viscous magnetization is thermally activated. At a constant temperature this is easily integrated to n , = n e q [ l -e x p ( -t /~) ] + n~e x p ( -t /~) ( 5 ) since (n -N e q ) / t = 0 (ni -neq) where ni is the initial fractional alignment. If we assume that the anisotropy is due mainly to the shape of the grains, and varies much less than the grain volume (Walton 1980) , then K = aJ2 where a -71 (McElhinny 1973) . By including the variation of the fractional alignment (5) in the integral (3) we obtain
0 assuming ni = 0, i.e. the sample is initially totally demagnetized. If the magnetic material is produced by precipitation the grain-size distribution is often a log-nornal distribution, and if the range of grain volumes affected in the experiment is small compared with the width of the grain volume distribution a good approximation is that N(V)=l/V (Walton & Dunlop 19850 .It is also convenient to change variablesto x=uV/k, so that (6) becomes
Successive demagnetization steps at temperature T, may be modelled using equation (7) by inserting the appropriate value of the fractional alignment. By integrating up to infinity we have ignored the single-domain cut off, but by subtracting the initial moment of the sample and integrating, the integral converges and we effectively only sum those grains which have a relaxation time less than t. Numerical solutions to the integrals may be evaluated at each temperature so long as the fractional alignment is known.
Analytical solutions can be obtained for the case where demagnetization occurs at the same temperature as that at which it was acquired. The magnetic moment at time t during the demagnetization is then given by
where to is the period of magnetization and neq takes the value neq -JVH/kT in a weak magnetic field H .
M(t) can be evaluated by integrating parts and the method of steepest descent to yield
where R = AHkT/(aJ)* equation (10) may be rewritten as
This expression may be simplified in the following two cases
thus predicting a change from a (lnct)' to a (lnct)/t decay dependence as the viscous demagnetization period approaches the period of magnetization. This result is similar to that given by Cliantrell, Hoon & Tanner (1983) . However Chantrell's result is independent of the form of the grain volume distribution whereas that of Walton's is not. Indeed it is possible to obtain the same result as Chantrell e f al. if a monodispersion of grain volumes is assumed.
Experimental procedure
An experiment was devised to produce a specific magnetic moment in a sample so that its viscous decay could be monitored. The measuring device was a superconducting magnetometer (SQUID) of a design that allowed the sample to be placed outside the sensing rings (Fig. 1) . The sample was held under the sensing coils by a pure copper cup which was heated by non-inductively wound platinum wires through which a high-frequency alternating current was passed. The temperature of the oven could be held steady to better than 0.1"C. It was therefore possible to measure the magnetic moment continuously at elevated temperatures. A field-free space was created by enclosing the apparatus in a mu-metal shield. The high grade copper (99.999 per cent pure) ensured that the oven and sample holder did not significantly contribute to the measured magnetic moment. The sample and oven could be swivelled in and out of the sensing area, and this was done after every six measurements (about 5 s) so that the background magnetic drift could be measured and the readings from the sample corrected. The sample was a 3 mm diameter core of pottery whose major magnetic component appeared to be magnetite. A saturation magnetization versus temperature graph for a sample (Fig. 2 ) was obtained by following the moment emplaced at a high temperature, as the temperature was varied below that temperature. The saturation curve was measured both on cooling and heating and proved to be reversible and similar to standard values for magnetite provided by W. O'Reilly (private communication) .
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The samples were totally demagnetized by heating them above their Curie point and cooling in zero field. The sample was then heated to a temperature To and a fieldHof 147
pT was applied along the sample axis so that a well controlled moment was acquired over a period of time t o , typically 20 hr. After this time the sample was cooled to a temperature T I , the field switched off and the viscous decay recorded for about 15 min. The sample was then heated to a temperature T2 and the viscous decay recorded for a further 15 min. These heating steps were repeated until all of the moment acquired at To had been removed. The small size of the sample meant that it rapidly reached a state of thermal equilibrium and so data could be recorded after about 10 s. The recorded information was fed into a computer so that it could be rescaled to obtain direct comparison with the theoretical models. In the comparison of theoretical and experimental data, the only adjustable parameter was A/a where A is given by the concentration of magnetite in the sample. This was obtained by fixing one experimental data point at its theoretically calculated value. Using Neel's theory without taking account of the grain-size distribution yields the following relationship (Pullaiah et al. 1975) .
TI
In ct,/J? = T2 In ct2/J: (14) and for two data sets (A and B) predicts that all the moment acquired at To should be removed by the end of the fourth temperature step. Including the grain-size distribution in the integral and assuming N( V) = A / V yields (Walton 1980) T , (In ct1)'/J: = T2 (In ctz)2/J:
( 1 5) and predicts that all the moment will not be removed until the end of the fifth demagnetizing step for data set B, and not until 5 min of the sixth step for data set A (see Appendix). In both cases it can be seen (Fig. 3a, b) that the above estimates are significantly better than those obtained from (7). It can also be seen that useful predictions of the samples moment can be calculated at any time and temperature as long as the samples magnetic history is known, since each demagnetization will depend upon the initial alignment of its domains, which can be determined from the final fractional alignment of the previous step. The expected transition from a dependence on (In ct)' to (In ct)/t in the theoretical predictions can be seen in the change in gradient in the experimental data during the fourth demagne tization.
Improvements in the theoretical model may be made by taking better account of the true microstructure of the sample, which involves formulating a more accurate representation of the grain size distribution and of the anisotropy energy, which in turn depends predominantly on the grain shape. Such calculations are difficult for real samples and will vary from sample to sample,
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Conclusions
It is shown that the theory proposed by Walton (1980) produces a reasonable match to experimental data and predicts that viscous moments acquired by single domain grains will persist to higher temperatures than previously thought. It must be noted that this experiment is much more sensitive than a series of independent viscosity measurements at several different temperatures, and provides an accurate measurement of the interdependency of time and temperature on magnetic viscous decay. Nevertheless it is clear that discrepancies outside experimental error exist between theory and experiment. These may possibly be related either to the grain-size distribution or to interactions between the grains (Walton & Dunlop 1985) . Further work is required using artificial samples of magnetite in which the grain volumes are well defined. These grains must be well dispersed so that grain interactions are not significant.
